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DESCRIPTION 



NON-ORIENTED ELECTRICAL STEEL SHEET AND METHOD FOR 



MANUFACTURING THE SAME 



Technical Field 

The present invention relates to non-oriented 
electrical steel sheets, and more particularly, relates to a 
non-oriented electrical steel sheet having high strengths 
and a low iron loss and a method for manufacturing the same, 
the steel sheet being suitably used for a component 
receiving a large stress which is typically represented by a 
rotor for use in a high speed motor. 

The non-oriented electrical steel sheet manufactured in 
accordance with the present invention has a feature in which 
the yield strength and the like are increased by aging 
treatment so that strengths of a rotor assembled therefrom 
are increased. In addition, the non-oriented electrical 
steel sheet also has a feature in which since the yield 
strength is low before aging treatment, punching processing 
can be easily performed. 

Background Art 

In recent years , due to advancement of drive circuit 
systems of motors, it has become possible to perform 
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frequency-control of drive power supply, and as a result, a 
high speed motor driven by adjustable speed control or 
driven at a higher frequency than a power frequency, has been 
increasingly in demand. In the high speed motors driven as 
described above, it is necessary to use rotors having 
strengths capable of withstanding high speed rotation. 

That is, a centrifugal force applied to a rotor is 
proportional to the rotating-radius and is increased in 
proportional to the square of a rotational speed. Hence, in 
medium-sized and large-sized high speed motors, a stress 
more than 600 MPa may be applied to rotors thereof in some 
cases. Accordingly, for the high speed motors as described 
above, increase in strengths of the rotor must be achieved. 

In addition, in view of recent improvement in motor 
efficiency, a magnet-embedded type (IPM: Interior Permanent 
Magnet) DC inverter control motor, in which permanent 
magnets are embedded in a rotor, has also been increasingly 
in demand. In the motor described above, magnets embedded 
in the rotor are liable to jump out therefrom, and in order 
to prevent the magnets from jumping out, a large force is 
applied to an electrical steel sheet used for the rotor. 
From this point of view, an electrical steel sheet for use 
in the motor, in particular, for use in the rotor has been 
required to have high strengths. 
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Since rotating devices such as motors and generators 
exploit electromagnetic phenomena, core materials therefor 
are required to have magnetic properties. In particular, 
the core materials preferably have a low iron loss and a 
high magnetic flux density. 

In general, for assembling an iron core of a rotor, 
non-oriented electrical steel sheets are formed by punching 
using a press machine and are then laminated to each other 
for the use. However, when a core material of rotors used 
for high speed motors cannot satisfy the mechanical 
strengths described above, instead of that, a rotor made of 
cast steel having higher strengths must be used. However, 
since the cast steel-made rotor mentioned above is a bulk 
product, compared to a rotor formed of electrical steel 
sheets laminated to each other, a ripple loss affecting the 
rotor is large, thereby primarily causing decrease in motor 
efficiency. The ripple loss indicates an eddy current loss 
caused by a high frequency magnetic flux. 

Accordingly, an electrical steel sheet having superior 
magnetic properties and high strengths has been desired as a 
core material for rotors. 

As a strengthening method from a metallurgical point of 
view, for example, solid solution strengthening, 
precipitation strengthening, and grain-refining 
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strengthening have been known ^ and there are examples in 
which some methods mentioned above were applied to 
electrical steel sheets. For example, according to Japanese 
Unexamined Patent Application Publication No. 60-238421, 
based on the results of investigation on advantages and 
disadvantages of the each strengthening method mentioned 
above, as a method having the least influence on magnetic 
properties, the use of solid solution strengthening has been 
proposed. In addition, a method has been disclosed in which, 
besides increase of the content of Si to 3.5% to 7.0% (mass 
percent, hereinafter, the same as above) , an element having 
high capability of solid solution strengthening is added. 

In addition, in Japanese Unexamined Patent Application 
Publication No. 62-256917, a method for controlling the 
diameter of recrystallized grains has been disclosed in 
which the content of Si is set in the range of from 2.0% to 
3.5%, the content of Ni or the contents of Ni and Mo are 
increased,' and low-temperature annealing at a temperature of 
650 to 850°C is performed. Furthermore, as a method using 
precipitation strengthening, in Japanese Unexamined Patent 
Application Publication No. 6-330255, a method has been 
disclosed in which the content of Si is set in the range of 
from 2.0% to 4.0% and fine carbides and nitrides of Nb, Zr, 
Ti , and/or V are precipitated. 
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By the methods described above, electrical steel sheets 
can be obtained having a high strength to a certain extent. 
However, when steel is used in which the contents of Si and 
an element for solid solution strengthening are high, as 
disclosed in Japanese Unexamined Patent Application 
Publication No. 60-238421, cold rolling properties are 
extremely degraded, and as a result, it becomes 
disadvantageously difficult to perform stable industrial 
manufacturing. Furthermore, a problem may arise in that 
magnetic flux density B50 of the steel sheet obtained by 
this technique is also seriously decreased to 1.56 to 1.60T. 

In the method disclosed in Japanese Unexamined Patent 
Application Publication No. 62-256917, in order to increase 
the mechanical strengths, the growth of recrystallized 
grains must be suppressed by low-temperature annealing, and 
as a result, in a relatively low frequency range, for 
example, of from a power frequency (approximately 50 Hz) to 
several hundred Hertz , a problem occurs in that the iron 
loss is decreased. 

Accordingly, the electrical steel sheet obtained by the 
method disclosed in Japanese Unexamined Patent Application 
Publication No. 62-256917 cannot' be used as a material for a 
stator member since the iron loss of this application is 
important in this frequency range. Hence, an extreme 
decrease in yield of the electrical steel sheet according to 
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this method could not been avoided. That is^ when stator 
and rotor members are obtained by punching, a ring-shaped 
stator member is generally punched out from one steel sheet, 
and from a remaining central part of the same steel sheet, a 
rotor member is also obtained by punching, thereby reducing 
waste. However, in the method disclosed in Japanese 
Unexamined Patent Application Publication No. 62-256917, two 
types of members must be obtained from different steel 
sheets by punching, and as a result, the yield is 
unfavorably decreased. 

On the other hand, according to the method disclosed in 
Japanese Unexamined Patent Application Publication No. 6- 
330255, since the carbides and nitrides themselves function 
as a barrier to magnetic wall movement and interfere with 
the growth of crystal grains of an electrical steel sheet, 
the degradation in iron loss is still disadvantageous ly 
large . 

In addition, regardless of whether any of the methods 
described above is used, the electrical steel sheets 
manufactured thereby each have a high hardness, and as a 
result, the punchabilities thereof are inferior. That is, 
when the steel sheet for laminated core is punched out, die 
wear becomes very large, and hence large burrs are liable to 
be generated in an early stage. 
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As will be described later, as one of the features of 
the present invention, the composition of a steel sheet 
according to the present invention contains a predetermined 
amount of Cu . Hence, apart from the problems described 
above, the current status of Cu used in non-oriented 
electrical . steel sheets will be described. 

As an example in which Cu is added to an electrical 
steel sheet, a technique for improving punchabilities has 
been disclosed in Japanese Unexamined Patent Application 
Publication No. 62^89816 in which 0 . 1 to 1 . 0% of C is added 
to a steel sheet so as to precipitate graphite. As a method 
of recrystallization annealing (finish annealing) , box 
annealing is recommended. In this technique, as an element 
facilitating the precipitation of graphite, Cu in an amount 
of 1.0% or less is recommended to be added; however, 
disadvantage in cost is also implied. 

However, the electrical steel sheet described above 
having a composition containing 0.1% or more of C is an 
exceptional one, and in a general electrical steel sheet, 
the addition of Cu is not recommended in view of the 
magnetic properties and the like. For example, in Japanese 
Unexamined Patent Application Publication No. 9-67654, a 
non-oriented electrical steel sheet containing more than 1% 
to 3.5% of Si or the like has been disclosed; however, since 
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the precipitation of CuS and the like has adverse influences 
on the magnetic properties, the content of Cu is limited to 
0.05% or less. 

In addition, as a technique which contain a larger 
amount of Cu than that described above, a method has been 
disclosed in Japanese Unexamined Patent Application 
Publication No. 8-295936 in which a non-oriented electrical 
steel sheet is manufactured from raw materials including 
scrap steel. In this technique, in order to reduce adverse 
influences on the magnetic properties caused by alloying 
elements (0.015% to 0.2% of Cu: 0.01% to 0.5% of Ni : 0.02% 
to 0.2% of Cr: 0.003% to 0.2% of Sn: and the like) contained 
in scrap, for example, measures are proposed in which the 
contents of V and Nb are limited, and in which the diameter 
of crystal grains after hot-rolled sheet annealing is 
controlled to 50 pm or less. However, also for this 
technique, the above elements such as Cu are naturally 
disadvantageous, and a primary object of this technique is 
only to reduce the adverse influences of the above elements. 
In addition, the contents of Cu and the like thus disclosed 
are small. 

Furthermore, as steel which does not contain Si, high- 
strength steel used for electric machinery has been 
disclosed in Japanese Unexamined Patent Application 
Publication No. 49-83613, the steel being composed of 1% to 



- 9 - 

5% of Cu, 1% to 5% of Ni^ and iron as the balance. 
According to this technique, after solution treatment- 
quenching and cold rolling are repeatedly performed for 
steel having the above composition, aging treatment is 
performed, and then steel having a high strength and a low 
iron loss can be obtained. However, degradation in iron 
loss caused by aging treatment has not been satisfactorily 
suppressed. 

Disclosure of Invention 

[Problems to be Solved by the Invention] 

As described above, in order to stably perform 
industrial manufacturing of an electrical steel sheet which 
simultaneously has high strengths and a low iron loss, the 
conventional methods have not been satisfactory. 

In addition, an object of sufficiently increasing rotor 
strengths while superior punchabilities and a preferable 
iron loss are maintained has not been accomplished by the 
above conventional methods. In particular, it has been 
believed that since the punchabilities degrade as the yield 
strength is improved, superior punchabilities and high yield 
strength cannot be simultaneously obtained. 

An object of the present invention is to propose a non- 
oriented electrical steel sheet capable of simultaneously 
satisfying superior magnetic properties and high strengths 
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and a method capable of stably performing industrial 
manufacturing of the steel sheet described above. 

In addition, the present invention also proposes a non- 
oriented electrical steel sheet capable of achieving an 
object in which rotor strengths are sufficiently increased 
while superior punchabilities and a preferable iron loss are 
maintained and a method for manufacturing the steel sheet 
described above. 

[Means for Solving the Problems] 

In order to achieve the above objects, the inventors of 
the present invention carried out various investigations 
focusing on an age-hardening phenomenon of steel containing 
Cu, and as a result, means for simultaneously obtaining a 
superior iron loss and high strengths was finally 
established. 

That is, for example, as disclosed in Japanese 
Unexamined Patent Application Publication No. 60-238421, it 
has been believed that although strengths are increased, 
precipitates in steel suppress the magnetic wall movement 
and also degrade the iron loss (hysteresis loss) . In 
addition, according to the finding that was first discovered 
by the inventors of the present invention, particularly in 
Si-containing steel, Cu precipitates are liable to be grown 
large and coarse, and as a result, it is difficult to avoid 
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degradation in iron loss. 

However, in spite of the conventional knowledge and the 
novel finding described above, the inventors of the present 
invention newly found that when an appropriate amount of Cu 
is added to steel, followed by aging treatment, very fine Cu 
particles having an average particle diameter of 1 nm to 20 
nm can be uniformly precipitated in crystal grain interior, 
and that the very fine precipitates thus obtained are very 
effective for improvement in strength, and in addition, do 
not substantially degrade the iron loss (hysteresis loss) . 

Furthermore, it was also found that, as for this Cu 
precipitation, when Cu and Ni are added in combination, 
since the amount of precipitates generated in heat treatment 
in steel sheet manufacturing is remarkably reduced, high 
strengths and a low iron loss can be stably obtained even 
under wide annealing conditions. Accordingly, the present 
invention was finally made. 

In addition, the inventors of the present invention 
also succeeded in forming an electrical steel sheet which 
can impart high strengths to a rotor or the like assembled 
therefrom while having superior punchabilities . That is, 
before a punching step, an electrical steel sheet which is 
not processed by aging treatment and which has a low yield 
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strength is prepared, and aging treatment is performed right 
after the punching step or after a rotor or the like is 
assembled, thereby improving strengths of a laminated core 
assembled from the above steel sheet. 

The aspects of the present invention are as follows. 

(1) A high-strength non-oriented electrical steel sheet 
having superior magnetic properties, comprises: on a mass 
percent basis, 

C: 0.02% or less (including 0%); 
Si: 4.5% or less; 
Mn: 3% or less; 
Al : 3% or less; 

P: 0.5% or less (including 0%); 
Ni: 5% or less (including 0%); and 
Cu: 0.2% to 4%, 

wherein the yield stress is not less than CYS (MPa) 
represented by the following formula 1: 

note 

CYS =180+5,600 [%C] +9 5 [%Si] +50 [%Mn] +37 [%A1] +435 [%P] +25 [%Ni] + 

22d'''^'^^ (Formula 1) 

where d is an average grain diameter (mm) of crystal 
grains . 

(2) A high-strength non-oriented electrical steel sheet 
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having superior magnetic properties, comprises: on a mass 
percent basis, 

C: 0.02% or less (including 0%); 

Si: 4.5% or less; 

Mn: 3% or less; 

Al: 3% or less; 

P: 0.5% or less (including 0%); 
Ni: 5% or less (including 0%); and 
Cu: 0.2% to 4%, 

wherein a volume ratio of Cu precipitates in crystal 
grain interior is in the range of from 0.2% to 2%, and 

an average particle size of the Cu precipitates is in 
the range of from 1 to 20 nm. 

The average particle size of the Cu precipitates is 
obtained as a sphere-base diameter by calculation. 
Hereinafter, the average particle size will be represented 
in the same manner as described above. 

(3) In the high-strength non-oriented electrical steel 
sheet having superior magnetic properties, according to the 
above (1) , a volume ratio of Cu precipitates in the crystal 
grains is in the range of from 0,2% to 2%, and an average 
particle size of the Cu precipitates is in the range of from 
1 to 20 nm. 
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(4) An age-hardenable non-oriented electrical steel 
sheet having superior punchabilities and magnetic properties 
(iron loss), comprises: on a mass percent basis, 

C: 0.02% or less (including 0%) ; 
Si: 4.5% or less; 
Mn: 3% or less; 
Al : 3% or less; 

P: 0.5% or less (including 0%); 

Ni : 5% or less (including 0%) ; and 

Cu: 0.2% to 4%, 

Wherein, after aging treatment is performed at 500°C for 
10 hours, the yield stress of the steel sheet is not less 
than CYS (MPa) represented by the following formula 1: 

note 

CYS =180+5 ,600 [%C] +95 [%Si] +50 [%Mn] +37 [%A1] +435 [%P] +25 [%Ni] + 
22d"'^^^ ..... (Formula 1) 

where d is an average grain diameter (mm) of crystal 
grains . 

(5) The non-oriented electrical steel sheet according 
to one of the above (1) to (4) , further comprises at least 
one of Zr, V, Sb, Sn, Ge, B, Ca, a rare earth element, and 
Co as a component, 

wherein the content of each of Zr and V is 0.1% to 3%, 
the content of each of Sb, Sn, and Ge is 0.002% to 0.5%, 
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the content of each of Ca, and the rare earth 
element is 0.001% to 0.01%, and 

the content of Co is 0.2% to 5% 
(according to the above (1) to (3) , the high-strength non- 
oriented electrical steel sheet having superior magnetic 
properties is obtained, and according to the above (4) , the 
age-hardenable non-oriented electrical steel sheet having 
superior punchabilities and magnetic properties is obtained) . 

Instead of the CYS requirement, the non-oriented 
electrical steel sheet according to one of the above (1) to 
(5) may satisfy requirement in which the tensile strength is 
not less than CTS (MPa) represented by the following formula 
2: 

note 

CTS = 5 ,600 [%C] +87 [%Si] +15 [%Mn] +70 [%A1] +430 [%P] +37 [%Ni] 

+22d"'^^^+230 (Formula 2) 

where d is an average grain diameter (mm) of crystal 
grains . 

In the individual inventions described above, the 
balance of the composition of the steel sheet is preferably 
composed of Fe and inevitable impurities . 

In addition, in the individual inventions described 
above and preferable embodiments, Ni in an amount of 0.5% or 
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more is preferably contained, and this Ni content is 
significantly preferable when the CTS is defined as the 
requirement . 

(6) A method for manufacturing a high-strength non- 
oriented electrical steel sheet having superior magnetic 
properties, comprises the steps of : 

performing hot rolling of a steel slab containing on a 
mass percent basis, 

C: 0.02% or less (including 0%); 

Si: 4.5% or less; 

Mn: 3% or less; 

Al : 3% or less; 

P: 0.5% or less (including 0%); 

Ni: less than 0.5% (including 0%); and 

Cu: 0.2% to 4%, 

then performing cold rolling or warm rolling to obtain 
a rolled steel sheet having a final sheet thickness, 

then performing finish annealing in which heating is 
performed to a Cu solid solution temperature (temperature of 
forming a Cu solid solution) + 10°C or more, followed by 
cooling in which a cooling rate in a temperature range of 
from the Cu solid solution temperature to 400°C is 10°C/s or 
more ; and 

subsequently performing aging treatment at a 
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temperature in the range of from 400 to 650°C. 

(7) A method for manufacturing a high-strength non- 
oriented electrical steel sheet having superior magnetic 
properties^ comprises the steps of: 

performing hot rolling of a steel slab containing on a 
mass percent basis, 

C: 0.02% or less (including 0%) ; 

Si: 4 . 5% or less; 

Mn: 3% or less; 

Al : 3% or less; 

P: 0.5% or less (including 0%); 
Ni: 0.5% to 5%; and 
Cu: 0.2% to 4%, 

then performing cold rolling or warm rolling to obtain 
a rolled steel sheet having a final sheet thickness, 

then performing finish annealing in which heating is 
performed to a Cu solid solution temperature + 10°C or more, 
followed by cooling in which a cooling rate in a temperature 
range of from the Cu solid solution temperature to 400°C is 
l°C/s or more; and 

subsequently performing aging treatment at a 
temperature in the range of from 400 to 650®C. 



(8) In the method for manufacturing a high-strength 
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non-oriented electrical steel sheet, according to the above 
(6) or (7), instead of the "Cu solid solution temperature", 
Ts (°C) represented by the following formula 2 is used. 

Note 

Ts (°C)=3, 351/(3. 279-logio[%C])-273 (Formula 2) 

(9) In the method for manufacturing a high-strength 
non-oriented electrical steel sheet having superior magnetic 
properties, according to one of the above (6) to (8), the 
steel slab further contains at least one of Zr, V, Sb, Sn, 
Ge, B, Ca, a rare earth element, and Co, 

wherein the content of each of Zr and V is 0.1% to 3%, 
the content of each of Sb, Sn, and Ge is 0.002% to 0.5%, 

the content of each of B, Ca, and the rare earth 
element is 0.001% to 0.01%, and 

the content of Co is 0.2% to 5%. 

In addition, the compositions of the inventions 
according to the above (6) to (9) may be described in a 
different manner as follows. 

That is, in the case in which the steel slab 
composition described above contains Ni in an amount of 5% 
or less (including zero,' that is, the case is included in 
which addition is not performed) , when the cooling rate in 
finish annealing is set to 10°C/s or more in a temperature 
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range of from the Cu solid solution temperature or Ts to 
400®C, the object of the present invention can be achieved. 
Furthermore, particularly in the case in which the content 
of Ni is in the range of from 0.5% to 5%, even if the 
cooling rate described above is not limited to 10°C/s or 
more, the object of the present invention can be achieved as 
long as the cooling rate is set to l°C/s or more. Of course, 
even when the cooling rate is set to 10°C/s or more, it is 
effective that Ni in an amount of 0.5% or more be contained. 

(10) A method for manufacturing an age-hardenable non- 
oriented electrical steel sheet having superior 
punchabilities and magnetic properties, comprises the steps 
of: 

performing hot rolling of a steel slab containing on a 
mass percent basis, 

C: 0.02% or less (including 0%) ; 
Si: 4 . 5% or less; 
Mn: 3% or less; 
Al : 3% or less; 

P: 0.5% or less (including 0%); 

Ni: less than 0.5% (including 0%); and 

Cu: 0.2% to 4%, 

then performing cold rolling or warm rolling to obtain 
a rolled steel sheet having a final sheet thickness; and 
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then performing finish annealing in which heating is 
performed to a Cu solid solution temperature + 10°C or more, 
followed by cooling in which a cooling rate in a temperature 
range of from the Cu solid solution temperature to 400®C is 
10°C/s or more. 

(11) A method for manufacturing an age-hardenable non- 
oriented electrical steel sheet having superior 
punchabilities and magnetic properties, comprises the steps 
of: 

performing hot rolling of a steel slab containing on a 
mass percent basis, 

C: 0.02% or less (including 0%); 
Si: 4.5% or less; 
Mn: 3% or less; 
Al : 3% or less; 

P: 0.5% or less (including 0%); 
Ni: 0.5% to 5%; and 
Cu: 0.2% to 4%, 

then performing cold rolling or warm rolling to obtain 
a rolled steel sheet having a final sheet thickness, and 

then performing finish annealing in which heating is 
performed to a Cu solid solution temperature + 10°C or more, 
followed by cooling in which a cooling rate in a temperature 
range of from the Cu solid solution temperature to 400°C is 
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l°C/s or more. 

(12) In the method for manufacturing a high-strength 
non-oriented electrical steel sheets according to the above 
(10) or (11), instead of the "Cu solid solution temperature", 
Ts (°C) represented by the following formula 2 is used. 

Note 

Ts (°C)=3, 351/(3. 279-logio[%C])-273 (Formula 2) 

(13) In the method for manufacturing an age-hardenable 
non-oriented electrical steel sheet having superior 
punchabilities and magnetic properties, according to any one 
of the above (11) to (12) , the steel slab further contains 
at least one of Zr, V, Sb, Sn, Ge, B, Ca, a rare earth 
element, and Co, 

wherein the content of each of Zr and V is 0.1% to 3%, 
the content of each of Sb, Sn, and Ge is 0.002% to 0.5%, 
the content of each of B, Ca, and the rare earth 
element is 0.001% to 0.01%, and 

the content of Co is 0.2% to 5%. 

In the inventions according to the above (10) to (13) , 
the age-hardening treatment described in the inventions 
according to the above (6) to (9) is not included. The 
reason for this is based on the concept in that, for example. 
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the age-hardening treatment may be performed at a customer 
site in a process for manufacturing laminated magnetic cores 
and the like. However, the present invention described 
above is not limited to the use described above. 

The invention according to the above (4) is also based 
on the same concept as described above. 

Brief Description of the Drawings 

Fig. 1 is a dark field image of precipitated Cu 
particles observed using a scanning transmission electron 
microscope (STEM) , in which the Cu particles are obtained by 
finish annealing of 1.8% Si-1.0 Cu steel, followed by aging 
treatment at 500°C for 8 hours. 

Fig. 2 is a graph showing the influence of a cooling 
rate in finish annealing on an iron loss obtained after 
aging treatment. 

Fig. 3 is a graph showing the influence of a cooling 
rate in finish annealing on the tensile strength obtained 
after aging treatment. 

Best Mode for Carrying Out the Invention 

Next, each of the elements of the present invention 
will be described in detail. 

[Composition of Steel Sheet] 
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First, the ranges of individual components of the 
composition and the reasons of limitation thereof will be 
described. In the present invention, % used for indicating 
the steel composition is mass percent unless otherwise 
specifically stated. 
C: 0.02% or less 

When the content of C is more than 0.02%, the iron loss 
is extremely degraded by magnetic aging, and hence the 
content is limited to 0.02% or less. Alternatively, when 
the content is preferably set to 0.01% or less or 0.005% or 
less, and is more preferably set to 0.003% or less, the 
degradation in iron loss caused by magnetic aging can be 
decreased to approximately zero. 

In addition, it may be C-free, that is, the content may 
be 0%; however, in general, 0.0005% or more of C is 
contained. 

Si: 4.5% or less 

While being a useful deoxidizing agent. Si has a 
considerable effect of reducing the iron loss of an 
electrical steel sheet since the electric resistance is 
increased. Furthermore, improvement in strength is 
performed by solid solution strengthening. As a deoxidizing 
agent, when the content is 0.05% or more, the effect becomes 
significant. For reduction in iron loss and for solid 
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solution strengthening, the content is set to 0.5% or more 
and is more preferably set to 1.2% or more. However, when 
the content is more than 4.5%, degradation in rolling 
properties of steel sheets becomes serious, and hence the 
content is limited to 4.5% or less. More preferably, the 
content is limited to 4.2% or less. 

Mn: 3% or less 

While being a useful element for improving strengths by 
solid solution strengthening, Mn is also a useful element 
for improving hot brittleness, and the content is preferably 
set to 0.05% or more. However, excessive addition causes 
degradation in iron loss, and hence the content is limited 
to 3% or less. In addition, the content may be set to 3.0% 
or less. The content of Mn is more preferably 2.0% or less, 
even more preferably 0,1% to 1.5%, and still even more 
preferably 1.0% or less. 

Al : 3% or less 

Al is a useful element as a deoxidizing agent and is 
also useful for improving the iron loss. The content of Al 
is preferably set to 0.5 ppm or more and more preferably set 
to 0.1% or more. However, excessive addition causes 
degradation in rolling properties or degradation in 
punchabilities , and hence the content is preferably set to 
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3% or less. In addition, the content may be set to 3.0% or 
less . 

However, when the content is 4.0% or less, since the 
degradation in rolling properties is not so significant, for 
example, in application in which punching processing is 
performed before age-hardening treatment, the upper limit 
may be set to 4.0%. 

In addition, the content is more preferably set to 2.5% 
or less. 

P: 0.5% or less 

Since remarkable capability of solid solution 
strengthening can be obtained by addition of a relatively 
small amount of P, P is a very useful element for improving 
strengths, and the content thereof is preferably set to 
0.01% or more. On the other hand, since excessive addition 
may cause embrittlement due to segregation, grain boundary 
cracking and degradation in rolling properties occur, and 
hence the content is set to 0.5% or less. In addition, the 
content may be set to 0.50% or less. The content is more 
preferably 0.2% or less. 

On the other hand, when the content of P is positively 
decreased, the hot and cold rolling properties can be 
improved. From this point of view, the content of P may be 
less than 0.01%. In this case, when it is possible, it may 
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be P-free, that is, the content may be 0%; however, since P 
is inevitably contained in iron ore or molten iron as an 
impurity, the content is decreased by dephosphorization 
treatment in a manufacturing process.' A decreased amount of 
P may be determined in accordance with dephosphorization 
treatment conditions, treatment cost, and the like, and in 
general, the lower limit of the content of P is 
approximately 0.005%. 

Cu: 0.2% to 4% 

When fine Cu precipitates are formed by aging treatment, 
the strengths are significantly increased without any 
substantial degradation in iron loss (hysteresis loss) . In 
order to obtain the effect described above, the content must 
be 0.2% or more. That is, when the content is less than 
0.2%, even when the other structural requirements 
(composition, manufacturing conditions, and the like) of the 
present invention are all satisfied, a sufficient 
precipitate amount cannot be obtained. On the other hand, 
when the content is more than 4%, since large and coarse 
precipitates are formed, in addition to considerable 
degradation in iron loss, increase of strengths is reduced. 
Accordingly, the content of Cu is set in the range of from 
0.2% to 4%. In addition, the upper limit may be set to 4.0% 
or less. 
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The preferable lower limit is 0.3% and more preferable 
lower limit is 0.5%, 0.7%, or 0.8%. In particular, when the 
content is 0.5% of more, strengthening can be stably 
obtained. 

In addition, the preferable upper limit is 3.0% or less, 
and more preferably, the upper limit is 2.0% or less. 

Ni : 5% or less 

Ni is not an essential element, and the lower limit may 
be 0%, that is, it may be Ni-free. In addition, even when a 
small amount of Ni is contained as an inevitable impurity, 
any problem may not occur. 

However, since Ni is a useful element for improving 
strengths by solid solution strengthening and for improving 
magnetic properties, the content is preferably set to 0.1% 
or more. 

In addition, when being added to Cu-containing steel as 
described in the present invention, Ni has an influence on 
the solid solution state and the precipitation state of Cu 
and has an effect of stably forming very fine Cu 
precipitates by aging. That is, in Si-containing steel, in 
particular, in high Si-containing steel, the growth of Cu 
precipitates is likely to be facilitated, and due to this 
phenomenon, it has been believed that insufficient age 
hardening and degradation in magnetic properties are liable 
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to occur. However, when Ni is present, the formation of 
large and coarse Cu precipitates is suppressed, and hence 
the effect of improving the capability of precipitation 
strengthening by aging can be easily obtained. As a result, 
the effect of improving strengths by Cu precipitation by 
aging can be significantly improved, or the range of 
required process conditions can be widened. In order to 
obtain this effect, the content is very preferably set to 
0.5% or more . 

Furthermore, Ni has an effect of decreasing the number 
of surface defects of hot-rolled steel sheets, called scab 
(sliver) , thereby increasing the yield of steel sheets. The 
effect described above can be obtained when the content is 
set to 0.1% or more; however, as is expected, the content is 
preferably set to 0.5% or more. 

However, when the content is more than 5%, the various 
effects described above are saturated, and the cost is 
unnecessarily increased; hence, the upper limit is set to 5%. 
In addition, the upper limit may be set to 5.0%, A more 
preferable upper limit is 3.5%, and even more preferable 
upper limit is 3.0%. 

In addition, in order to obtain the various effects 
described above, a more preferable lower limit is 1.0%. 



The basic composition of the non-oriented electrical 
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steel sheet of the present invention is as described above ^ 
and in addition to the above components^ known elements for 
improving magnetic properties, that is, Zr, V, Sb, Sn, Ge, B, 
Ca, a rare earth element, and Co, may also be added alone or 
in combination. However, the content thereof must be 
controlled so as not to degrade the object of the present 
invention. In particular, 

as for Zr and V, the content is 0.1% to 3%, or 0.1% to 
3.0%, and preferably 0.1 to 2.0%. 

As for Sb, Sn, and Ge , 

the content is 0.002% to 0.5%, preferably 0.005% to 
0.5%, and more preferably 0.01 to 0.5%. 

As for Ba, Ca, and a rare earth element, the content is 
0.001% to 0.01%. 

As for Co, the content is 0.2% to 5%, or 0.2% to 5.0%, 
and preferably 0.2 to 3.0%. 

Since Co has a slightly higher strengthening capability, 
for example, in application in which punching processing is 
performed before age-hardening treatment, elements described 
above other than Co, that is, Zr, V, Sb, Sn, Ge, B, Ca, and 
a rare earth element, are preferably used alone or in 
combination. Since also being categorized as an element for 
improving magnetic properties, Ni may be included in the 
group described above; however, the effect of Ni is 
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remarkable as compared to that of the elements described 
above ^ Ni is separately described. 

As elements other than the elements described above, Fe 
(iron) and inevitable impurities are preferably mentioned. 
As for S and N as an inevitable impurity, the content 
thereof is preferably set to approximately 0.01% or less in 
view of iron loss. 

In particular, when a residual amount of S is large, 
since a CuS precipitate is formed, grain growth in finish 
annealing is suppressed, thereby degrading the iron loss. 
Accordingly, the S content is preferably set to at most 
approximately 0 . 02% . 

As another inevitable impurity, O may be mentioned, and 
the content thereof is set to approximately 0.02% or less 
and preferably set to 0.01% or less. 

In addition, as inevitable impurities in a broader 
sense, for example, there are mentioned Nb, Ti, and Cr, 
which may be contained in some cases due to manufacturing 
reasons, and the contents thereof are preferably set to 
approximately 0.005% or less, 0.005% or less, 0.5% or less, 
respectively . 

[Steel Sheet and Cu Precipitates] 

The subject of the present invention is basically a 
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non-^oriented electrical steel sheet regardless of whether it 
is processed by age-hardening treatment or not. Although 
being a ferrite single phase steel in general, the non- 
oriented electrical steel sheet has various compositions and 
textures, and they are not specifically limited. The 
composition and texture may also be freely designed within 
the scope of the present invention; however, the iron loss 
value is preferably small, and W15/W50 is preferably set to 
approximately 6 W/kg or less. 

In addition, Cu precipitates which will be described 
below are substantially composed of Cu alone; however, when 
very fine precipitates are formed, Fe in a solid solution 
form may be contained in Cu precipitates. The Cu 
precipitates also include the precipitates as described 
above . 

In some cases, depending on manufacturing conditions, 
large and coarse Cu precipitates may be observed in grain 
boundaries; however, as for the amount of precipitates and 
the average particle size thereof, the precipitates in 
grains, which practically contribute to the strengthening, 
are only regarded as the precipitates described above. 

[Texture and Properties of Steel Sheet before Age-Hardening 
Treatment] 
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In the non-oriented electrical steel sheet of the 
present invention before age-hardening treatment, it is 
important that Cu in the steel sheet be present as the 
solute Cu in a sufficient amount in the steel. When a large 
amount of fine Cu precipitates is already present before 
aging treatment, the punchabilities are not only be degraded 
due to the increase in hardness but also the increase in 
yield strength by aging treatment performed after punching 
becomes small. On the other hand, when large Cu 
precipitates are present in a matrix of crystal grain before 
aging treatment, besides the deterioration in iron loss, 
precipitation of Cu during aging treatment occurs on 
precedent coarse Cu precipitates as nucleuses , and hence 
larger and coarser Cu precipitates are further formed. As a 
result, the iron loss is further seriously deteriorated 
thereby . 

When steel is used in which 0.20% to 4.0% or preferably 
0.5% to 2.0% of Cu is contained, by aging treatment at 500°C 
for 10 hours, fine Cu precipitates having an average 
particle size of approximately 5 nm can be formed in steel. 
In more particular, fine Cu precipitates having an average 
particle size of approximately 1 nm to 20 nm, the average 
particle size of the Cu precipitates being obtained as a 
sphere-base diameter, can be precipitated at a volume ratio 
of 0.2% to 2% with respect to the entire steel sheet. The 
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detail will be explained in description about the steel 
sheet after aging. 

As for the solute Cu before aging, the amount thereof 
is preferably 0.2% or more and more preferably 0.4% or more, 
0.5% or more, or 0.8% or more. The upper limit of the 
solute Cu is naturally the content of Cu in steel, and the 
maximum amount of the solute Cu is equal to the maximum 
content of Cu. 

According to the formation of fine Cu precipitates 
described above, the yield stress can be increased by at 
least 100 MPa and by approximately 150 MPa under preferable 
conditions. In particular, when the Cu content is in an 
optimum range, such as in the range of from 0.5% to 2.0%, or 
preferably in the range of from 0.7% (0.8% or more is more 
suitable) to 2.0%, the yield stress can be increased by 150 
to 2 50 MPa. 

According to the increase in strength as described 
above, yield stress YS (MPa) obtained after aging is 
preferably not less than CYS represented by the following 
formula 1 . 

CYS=180+5, 600 [%C] +9 5 [%Si] +50 [%Mn] +37 [%Al] +435 [%P] + 
25 [%Ni] +22d'''^'^^ (Formula 1) 

In this formula, the coefficient of the term of each 
element indicates the amount of solid solution strengthening 
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per 1% of each element, and d indicates the average crystal 
grain diameter (diameter: mm). The measurement method of d 
is perfoirmed as follows. A cross section of a sample is 
etched by a nital etchant or the like, the cross section 
being in the thickness direction along a rolling direction 
(a so-called rolling-direction cross section) , and is then 
observed by an optical microscope. Subsequently, the 
average area of crystal grains is calculated from the 
observation field area and the number of crystal grains in 
the field. Next, d is defined as a circle-base diameter 
calculated based on the area of the crystal grains . 

As the average crystal grain diameter d is decreased, 
higher strength can be obtained; however, the iron loss is 
degraded. Accordingly, in accordance with desired strengths 
and iron loss properties, the crystal grain diameter d is 
adjusted. Although depending on a desired iron loss level, 
an appropriate crystal grain diameter is generally 
approximately 20 to 200 pm. 

By the strengthening as described above, for example, 
the yield stress of a laminated sheet formed into a rotor 
core can be increased to 450 MPa or more. The increase in 
yield strength by the mechanism described above will not 
cause any considerable degradation in iron loss (increase in 
iron loss value). For example, the amount of degradation in 
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iron loss represented by W15/W50 is 1.5 W/kg or less, and 
when the Cu amount is relatively small, such as 3% or less, 
the amount described above is merely 1.0 W/kg or less. 

In addition, when the non-oriented electrical steel 
sheet of the present invention before the age-effecting 
treatment is processed by age-hardening treatment, the 
tensile strength (TS) (MPa) is preferably increased to not 
less than CTS represented by the following formula 3. The 
requirement described above can be approximately obtained 
when appropriate Cu precipitation after aging is performed 
by controlling the composition range and the states of solid 
solution and precipitation of Cu as described above. 

CTS=5,600 [%C]+87 [%Si]+15 [%Mn]+70 [%Al]+430 [%P]+37 [%Ni]+ 
22d"'^^^+230 (Formula 3) 

The meanings of the terms of the above formula are the 
same as those described in the formula 1 except that each of 
the terms relates to the tensile strength. 

[Structure and Properties of Steel Sheet after Age-Hardening 
Treatment] 

In the non-oriented electrical steel sheet of the 
present invention after age hardening treatment, it is 
important that Cu in the steel sheet be finely precipitated 
in steel. Even when the solute Cu <non-precipitated state) 
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is present^ higher strengths cannot be achieved. On the 
contrary, Cu precipitates, which are not finely formed in a 
predetermined dimensional range, not only degrade the iron 
loss but also have small contribution to the strengthening. 
Hence, it is important that without degrading the iron loss, 
Cu be allowed to be present as fine precipitates which are 
finely formed in a predetermined dimensional range so as to 
contribute to the strengthening. 

As described above, a preferable Cu precipitation state 
is that Cu precipitates having an average particle size, 
which is the sphere-base diameter described above, in the 
range of from 1 to 20 nm are formed in crystal grain 
interior at a volume ratio of 0.2% to 2% with respect to the 
entire steel sheet. In addition, the particle size of Cu 
precipitates is preferably approximately 20 nm or less. 

In general, when the volume ratio of Cu precipitates is 
high and the average particle size thereof is. small, the 
average distance between particles is decreased. Hence, the 
increase in strength by aging becomes large." However, 
although the volume ratio is high, when the average particle 
size is large, significant increase in strength cannot be 
expected, and on the contrary, suppression of magnetic wall 
movement may occur by large and coarse particles in some 
cases. A volume ratio which can stably realize sufficient 
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strengthening is preferably in the range of from 
approximately 0.2% to 2%. In addition, the average particle 
size, which is the sphere-base diameter described above, is 
preferably in the range of from approximately 1 nm to 20 nm. 

In investigations carried out by the inventors of the 
present invention, the average particle size (the sphere- 
base diameter described above) of Cu precipitates and the 
volume ratio thereof were obtained by the following 
measurements and the statistical work. However, as long as 
the same result can be obtained in a theoretical point of 
view, another method may be used in stead of the following 
methods . 

After several images (dark field images) of a sample in 

2 

a region of approximately 400 by 400 (nm) were photographed 
using a scanning transmission electron microscope, the 
thickness of the sample being measured beforehand, 
precipitated Cu particles were recognized by image 
processing and, from the exterior appearance of each 
particle, a circle-base diameter thereof was also obtained 
by calculation. Subsequently, assuming that the diameter 
thus obtained represented the spherical-base diameter of 
each particle, the volume of each particle was determined. 

The recognition whether an observed particle was a Cu 
precipitate or not was performed using an energy dispersive 
X-ray spectrometer (EDX) provided for the scanning 
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transmission electron microscope. Specifically^ a 
precipitate phase was irradiated with electron beams having 
a diameter of 1 nm or less, and compared to a surrounding 
matrix phase, the state in which Cu is apparently 
concentrated was confirmed by the EDX spectrum thus obtained. 

From individual particles obtained by image recognition, 
the volume thereof were calculated based on the assumption 
in that each particle had a spherical shape, thereby 
obtaining the sum of the particle volumes. Next, the sum of 
the particle volumes was divided by the number of the 
particles, so that the average volume was obtained. From 
this average volume, the sphere-base diameter was reversely 
obtained by calculation, thereby obtaining the average 
particle size described above. In this measurement, all 
precipitate Cu particles in each field were measured, and 
the number of fields was determined so as to measure at 
least 10 particles. 

In order to obtain the average particle size, an 
evaluation method using a so-called circle-base diameter may 
be used in which the circle-base diameters of individual 
particles , which were obtained by the observation described 
above, are simply arithmetically averaged. In the present 
invention, as the particle size, the sphere-base diameter 
described above is used; however, since having a value close 
to that of the diameter described above, the circle-base 
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diameter may be used for a temporary evaluation. 

In this measurement, when the observation region was 
too thin, precipitated particles may be allowed to fall more 
frequently, and when the region is too thick, precipitated 
particles in the image of a scanning transmission electron 
microscope become difficult to recognize; hence, the 
thickness of the observation region was set in the range of 
from 30 to 60 nm. In addition, a sample formed from Cu- 
containing steel for measurement by a scanning transmission 
electron microscope is generally electrodeposited with Cu 
atoms on the surface, and by the influence thereof, the 
amount of precipitates tends to be overestimated. In order 
to avoid this influence, in the observation, a sample 
processed by surface cleaning treatment using argon ions was 
used. Fig. 1 shows an example of a dark field image of a 
steel sheet containing 1.8% of Si and 1.0% of Cu processed 
by aging, according to the present invention, photographed 
by using a scanning transmission electron microscope. 
Particles shining white are Cu precipitated by the aging. 

In addition, as described above, the measurement of the 
amount of precipitates and the average particle size were 
performed only for precipitates present inside grains. 

In addition, finer Cu precipitates further contribute 
to strengthening; however, when the particle size of Cu in 
steel is less than approximately 1 nm, the effect of 
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increasing strengths is saturated, and in addition, it 
becomes difficult to perform measurement using a scanning 
transmission electron microscope. Accordingly, in some 
cases, such severe product control becomes difficult. Hence, 
in view of industrial manufacturing, the average particle 
size is preferably controlled in the range of approximately 
1 nm or more. 

On the other hand', when the average particle size is 
more than approximately 20 nm, the contribution to 
strengthening is decreased, and in addition, degradation in 
iron loss tends to increase; hence, the average particle 
size is preferably limited to not more than approximately 20 
nm . 

In addition, the yield stress YS (MPa) of the steel 
sheet of the present invention after age-hardening treatment 
is preferably not less than CYS represented by the following 
formula 1. 

CYS=180+5,600 [%C]+9 5 [%Si] +50 [%Mn] +37 [%Al]+435 [%P]+ 
25 [%Ni]+22d~'^^^ (Formula 1) 

In addition, the tensile strength TS (MPa) of the steel 
sheet of the present invention after age-hardening treatment 
is preferably not less than CYS represented by the following 
formula 3 . 

CTS=5,600 [%C] +87 [%Si ] +15 [ %Mn] +70 [%A1] +430 [%P] +37 [%Ni] + 



- 41 - 



22d "^^^ + 230 (Formula 3) 

[Manufacturing Method] 

In order to manufacture a high-strength non-oriented 
electrical steel sheet having a superior iron loss, 
according to the present invention, first, steel melted to 
have the predetermined composition described above by a 
converter or an electric furnace is formed into a steel slab 
through continuous casting or blooming rolling following 
ingot formation. The composition of the steel slab may be 
the same as that of a targeted product steel sheet. 

Next, the slab thus obtained is hot-rolled and is then 
processed by hot-rolled sheet annealing whenever necessary. 

The hot-rolled steel sheet thus obtained (or hot-rolled 
annealed steel sheet) is processed by cold rolling once or 
at least two cold rolling including intermediate annealing 
to obtain a sheet having a product thickness. In this step, 
instead of at least one cold rolling step, warm rolling may 
be performed. The above sequential steps are described by 
way of example, and the point is to obtain a steel sheet 
having the composition described above and a predetermined 
thickness as the sheet product through appropriate casting 
and processing steps. For example, the following process 
may be carried out in which casting is performed to form a 
sheet having a thickness approximately equivalent to that of 
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a conunon hot-rolled steel sheet, followed by heat treatment 
whenever necessary, and in addition, cold rolling or warm 
rolling may then be performed. 

According to the present invention, since strengthening 
is performed in a subsequent step without increasing the Si 
amount of a starting material, manufacturing can be 
performed by cold rolling instead of warm rolling. However, 
since having effects of improving texture and of improving 
an iron loss and a magnetic flux density, warm rolling may 
be used. 

In addition, at least before final cold rolling (or 
before warm rolling; hereinafter, the same as above) , means 
for preventing large and coarse Cu precipitates from 
remaining is preferably taken in order to obtain stable 
aging properties. When a great amount of large and coarse 
Cu precipitates remains before the final cold rolling, in a 
final annealing step which is subsequently performed, a 
treatment time for reliably turning the large and coarse Cu 
precipitates into a solid solution form is increased. 

As the treatment for preventing large and coarse Cu 
precipitates from remaining, for example, a method may be 
mentioned in which a coiling temperature in hot rolling is 
set to approximately 600°C or less and preferably set to 
approximately 550°C or less. 
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As another method, a method may be' mentioned in which 
after hot rolling and before final cold rolling, annealing 
such as hot-rolled sheet annealing or intermediate annealing 
is performed under predetermined conditions. In this 
annealing, the large and coarse Cu precipitates are turned 
into a solid solution form by heating to a Cu solid solution 
temperature + approximately 10°C or more, followed by 
cooling in which a cooling rate in the range of from the Cu 
solid solution temperature to 400°C is approximately 5°C/s or 
more . 

As the Cu solid s.olution temperature, a temperature at 
which Cu in steel is substantially and sufficiently turned 
into a solid solution form may be calculated from 
thermodynamic data, or the temperature may be confirmed by 
experiments whether Cu in steel is substantially turned into 
a solid solution form. 

As one example, according to "Das Kupfer-Eisen 
Zustandsdiagramm im Bereich von 650 bis 1,050°C" (G. Salje 
and M. Feller-Kniepmeier ; Z. Metallkde, 69 (1978) pp. 167 to 
169) , the Cu solid solution temperature can be approximately 
obtained by the following formula 2. 

Ts (°C)=3,351/ (3.279-logio[%C] )-273 (Formula 2) 

Accordingly, in the hot-rolled sheet annealing described 
above, after heating is performed to Ts + approximately lO^C 
or more, cooling may be performed at a rate of approximately 
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5**C/s or more in the range of from Ts to 400°C. In this 
formula, [%Cu] indicates the content of Cu in steel on a 
mass percent basis. 

The cooling rate indicates an average cooling rate in 
the temperature range described above. 

When the annealing treatment is performed under the 
above conditions, a coiling temperature in hot rolling is 
not specifically limited. Of course, while the coiling 
temperature is set to approximately 600^C or less and 
preferably approximately 550*^0 or less, the annealing 
treatment described above may also be performed. 

As the annealing treatment, in general, hot-rolled 
sheet annealing can be advantageously performed in terms of 
cost. In addition, after hot-rolled sheet annealing is 
performed under the conditions described above, intermediate 
annealing may be performed under the conditions similar to 
those of the above hot-rolled sheet annealing so that the 
large and coarse Cu precipitates are reliably turned into a 
solid solution form. 

For the steel sheet having a product sheet thickness 
processed by cold rolling, warm rolling, or the like, finish 
annealing is performed. Furthermore, after the finish 
annealing, whenever necessary, an insulating film is applied, 
dried, and baked. 
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In addition, whenever necessary, component adjusting 
treatment such as decarburization annealing, silicon 
deposition, or the like may be performed, for example, 
before finish annealing. 

In order to turn Cu into a solid solution form in the 
finish annealing described above, the annealing temperature 
is set to {a Cu solid solution temperature + approximately 
10°C} or more. When the annealing temperature is less than 
(a Cu solid solution temperature + approximately 10°C) , 
large and coarse Cu precipitates present before annealing 
and Cu precipitates which are formed in a process of the 
finish annealing remain in a product, and as a result, the 
iron loss is degraded. In addition, in subsequent aging 
annealing, since solute Cu is consumed for the growth of the 
large and coarse Cu precipitates , the amount of the solute 
Cu itself also becomes insufficient, and hence high 
strengths cannot be obtained by age-hardening. 

Instead of a practical Cu solid solution temperature, 
for example, Ts obtained by the following approximate 
formula 2 can be used as described above*. 

Ts (°C)=3, 351/(3. 279-logio[%C])-273 (Formula 2) 

When Cu is only contained and Ni is not contained, in 
particular, in the case of a steel sheet containing less 
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than 0.5% of Ni (including 0), in order to suppress the 
precipitation of Cu in a cooling step of finish annealing, 
cooling is performed at a rate of approximately 10°C/s or 
more from the Cu solid solution temperature (or Ts) to 400°C. 
In addition, in a temperature range of from an annealing 
temperature or 900°C (whichever is lower) to 400°C, the 
cooling rate is also preferably set to approximately 10°C/s 
or more. 

When the cooling rate is less than approximately 10°C/s, 
since Cu is also precipitated in a large and coarse form, 
the iron loss is degraded, and in addition, even in 
subsequent age-hardening, sufficient increase in strength 
cannot be obtained. In addition, due to re-precipitation of 
Cu, the yield strength is increased, and hence the 
punchabilities are degraded. 

On the other hand, in the case in which 0.5% or more of 
Ni is contained together with Cu , when the cooling rate in 
the temperature range described above is approximately l°C/s 
or more, formation of large and coarse precipitates can be 
suppressed in cooling, and in subsequent aging treatment, 
without causing considerable degradation in iron loss, 
sufficient increase in strength can be obtained. In 
addition, since the strength before aging treatment can be 
maintained small, the punchabilities are also superior. 
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That is, when aging treatment is performed for steel 
containing both Cu and Ni , compared to the case in which Ni 
is not contained, stable properties can be obtained under 
more various finish annealing conditions. 

Accordingly, in a steel composition containing 0.5% or 
more of Ni , in a cooling step of finish annealing, the 
cooling rate in the temperature range, of from the Cu solid 
solution temperature (or Ts) to 400°C is set to 
approximately l°C/s or more. In addition, in the 
temperature range of from the annealing temperature or 9 00*^C 
(whichever is lower) to 400°C, the cooling rate is also 
preferably set to approximately l°C/s or more. 

In the present invention, it is preferable that a steel 
texture after finish annealing be substantially a ferrite 
single phase. When martensite transformation or the like 
occurs in part of the texture during cooling, due to fine 
crystal texture formation or residual strain generated in 
the transformation, the magnetic properties are degraded. 
It is difficult to totally eliminate the adverse influences 
described above in subsequent age-heating treatment. 

In order to make a steel texture into a ferrite single 
phase, in cooling in the temperature range of from the Cu 
solid solution temperature (or Ts) to 400°C, excessively 
rapid cooling is preferably avoided. Although a particular 
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cooling rate depends on the steel texture, in general, 
approximately 50°C/s or less is preferable. In addition, 
more preferable cooling rate is less than 30°C/s. 

In the present invention, the cooling rate described 
above indicates an average cooling rate in the above 
temperature range . 

Primary objects of the finish annealing described above 
are to remove strain caused by rolling and to obtain a more 
appropriate crystal grain diameter by recrystallization for 
obtaining necessary iron loss properties. The appropriate 
crystal grain diameter is generally in the range of 
approximately 20 to 200 |im as described above, and in order 
to obtain this crystal grain diameter, the temperature of 
the finish annealing is set to approximately 650°C or more 
and preferably set to approximately 700°C or more. On the 
other hand, when the annealing temperature is more than 
approximately 1,150°C, large and coarse grains are formed, 
grain boundary cracking is liable to occur, and degradation 
in iron loss is increased concomitant whit oxidation and 
nitridation of a steel sheet surface. Accordingly, the 
upper limit is preferably set to approximately 1,150*^C. 

In the finish annealing, a holding time for the heating 
temperature described above is preferably set to 1 to 300 
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seconds . 

A steel sheet manufactured in accordance with the 
conditions described above is a steel sheet having the 
features described in [Texture and Properties of Steel Sheet 
before Age-Hardening Treatment] , a sufficient amount of the 
solute Cu, and small amount of large and coarse Cu 
precipitates . 

In addition, preferably, by age-hardening treatment at 
least at 500°C for 10 hours, a steel sheet can be obtained 
having a strength not less than CYS (formula 1) or CTS 
(formula 2) described above and small decrease in iron loss. 

The steel sheet of the present invention placed in this 
state has a small yield strength (primarily depending on the 
Si content, when the Si contents are 0.3% and 3.5%, the 
strengths are approximately 200 and 450 MPa , respectively), 
and hence the punchabilities are superior. 

The steel sheet described above is subsequently 
processed by aging treatment. This aging treatment may be 
performed at any time, for example, before coating and 
baking of an insulating film, after baking thereof, or after 
machining such as punching. Of course, in view of the 
punchabilities, it is preferable that shipping of the steel 
sheet be performed before aging and that aging treatment be 
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performed at a customer site after punching; however^ aging 
treatment may be performed in an optional step before 
shipping so that a steel sheet having a high strength and a 
low iron loss is to be shipped. 

In assembling a rotor using the non-oriented electrical 
steel sheet of the present invention, for example, aging 
treatment may be carried out for punched non-oriented 
electrical steel sheet for laminating, or carried out for 
laminated rotor core. 

In aging treatment, even when the treatment condition 
is not limited to the condition at 500*^C for 10 hours used 
as the index described above, as long as the following 
conditions are satisfied, distribution (average particle 
size and volume ratio) of the preferable fine Cu 
precipitates described above can be obtained. In addition, 
without seriously degrading the iron loss, strengths not 
less than CYS (formula 1) and CTS (formula 2) can be 
obtained . 

The aging treatment is performed at a temperature in 
the range of from approximately 400 to SSO'^C. That is, when 
the temperature is less than 400®C, precipitation of fine Cu 
becomes insufficient, and as a result, high strengths cannot 
be obtained. On the other hand, when the temperature is 
more than 650°C, since large and coarse Cu precipitates are 
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formed, the iron loss is degraded, and the increase of 
strength is reduced. A more preferable temperature range is 
from approximately 450 to 600*^0. Although depending on the 
treatment temperature, a suitable aging time is from 
approximately 20 seconds to 1,000 hours and preferably 
approximately 10 minutes to 1,000 hours. 

[Examples ] 
Example 1 

Steel having the composition shown in Table 1 and 
containing the balance being iron and inevitable impurities 
was melted in a converter, followed by continuous casting, 
thereby forming a slab. Next, this slab was formed into a 
hot-rolled steel sheet having a thickness of 2.2 mm by hot 
rolling and was then coiled at 500^C. 

After this hot-rolled steel sheet was formed into a 
cold-rolled steel sheet having a final thickness of 0.5 mm 
by cold rolling, final annealing was performed under the 
annealing conditions shown in Table 1. In this step, the 
average cooling rate from Ts calculated from the formula 2 
to 400°C was set to 20°C/s. In addition, the cooling rate in 
the range from 900°C (annealing temperature for steel No. 8 
and 10) to 400°C was approximately equivalent to that 
described above. 

Subsequently, an insulating film was formed. The 
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composition of the steel sheet thus obtained was the same as 
the slab composition shown in Table 1. 

In addition to measurement of the average grain 
diameter d of the steel sheet (before aging) , the iron loss 
W15/W50 (1), the punchabilities , the yield stress YS (1) were 
evaluated. 

Next, after aging treatment was performed for the steel 
sheet at 500°C for 10 hours, the properties after the aging 
treatment were evaluated by the iron loss W15/W50 (2) .and the 
yield stress YS (2). Furthermore, a sample was obtained 
from the steel sheet, and the precipitate amount (volume 
ratio) of Cu precipitates and the average particle size 
thereof were evaluated by observation using a scanning 
transmission electron microscope. 

In this evaluation, as described above, the average 
crystal grain diameter d was obtained as the circle-base 
diameter by observation of a cross section of the steel 
sheet using an optical microscope. In addition, the iron 
loss was measured in accordance with JIS C2550 by an Epstein 
method using samples obtained along the rolling direction 
and direction perpendicular thereto, the number of samples 
in the individual directions being equal to each other. In 
addition, the punchabilities were measured by the number of 
ring-shaped samples (outside diameter of 20 mm x outside 
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diameter of 30 mm) punched out from the steel sheet at which 
a burr height thereof reached 30 jam. The yield strengths 
were measured along the rolling direction and the direction 
perpendicular thereto of the steel sheet using a tensile 
test (at a cross-head speed of 10 mm/min) and were averaged 
as the yield strength. 

In addition, the evaluation of Cu precipitates was 
performed by observation using a scanning transmission 
electron microscope as described below. A sample in the 
form of a flat sheet for the observation by an electron 
microscope was obtained from a central portion of the steel 
sheet in the thickness direction, the flat sheet being 
parallel to the rolling direction, and was then processed by 
electrolytic polishing using a peroxy acid-methanol base 
electrolyte to form a flat sheet having a smaller thickness. 
Next, for cleaning a surface of the sample thus obtained, 
sputtering was performed for 5 minutes using argon ions for 
sample preparation. The observation was performed by a 
scanning transmission mode in which electron beams 1 nm or 
less in diameter was scanned in an observation field, and 
three dark fields per each were obtained in which the 
precipitates were easily recognized. When the observation 
region is too thin, a falling speed of precipitated 
particles is increased, and when the region is too thick, 
precipitated particles in the image of a scanning 
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transmission electron microscope become difficult to 
recognize; hence, the thickness of the sample in the 
observation region was set in the range of from 30 to 60 nm. 
In this measurement, the sample thickness was estimated from 
a spectrum of electron energy loss. For all the dark field 
images of 400 nm by 400 nm thus obtained, particle 
recognition of Cu precipitates was performed by image 
processing, and the amount of precipitates was calculated 
using the volume ratio of the volume of all precipitates to 
the volume of the scope which was observed. In addition, 
from the average precipitate volume obtained from the volume 
of all precipitates divided by the number of recognized 
particles, the sphere-base diameter of the precipitates was 
obtained as the average particle size. 

The evaluation results are shown in Table 2 . 
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As shown in Table 1, all steel sheets having the 
compositions controlled within the scope of the present 
invention had a high strength and a superior iron loss after 
aging. In the steel of the present invention, the amount 
and the average particle size of Cu precipitates, which 
functioned as the strengthening factors, were within the 
scope of the present invention. In addition, according to 
the steel of the present invention, by age-hardening 
treatment, the yield strength was increased by 150 MPa or 
more, and in addition, the iron loss was decreased by 0.5 
W/kg or less. 

In addition, the tensile strength of all the steel 
sheets of the present invention after aging was not less 
than CTS. 

On the other hand, in conventional steel (comparative 
example: No. 10) having a low Si component and conventional 
steel (comparative example: No. 11) having a high Si 
component, although a superior iron loss could be obtained, 
the strength was inferior to that of steel of the present 
invention containing an equivalent amount of Si to that of 
the steel mentioned above. In addition, steel (comparative 
example: No. 7) containing excessive Cu had a poor iron loss 
before aging and a small increase in strength after aging as 
compared to steel of the present invention containing an 
equivalent amount of Si to that of the above-mentioned steel. 



- 58 - 



Example 2 

Steel having the composition shown in Table 3 was 
melted in a converter, followed by continuous casting, 
thereby forming a slab. In all the slabs thus obtained, the 
balance was iron and inevitable impurities . 

Next, after the slab was formed into a hot-rolled steel 
sheet having a thickness of 1.8 mm by hot rolling and was 
then coiled at 500°C^ hot-rolled sheet annealing was 
performed at 800°C for 5 hours for this hot-rolled steel 
sheet thus obtained, and subsequently, by a single cold 
rolling method, a cold-rolled steel sheet having a thickness 
of 0.3 5 mm was formed. 

Furthermore, final annealing was performed for this 
cold-rolled steel sheet thus obtained under the annealing 
conditions shown in Table 4, and after an insulating film is 
formed, aging treatment shown in Table 4 was further 
performed. In this Table, the cooling rate was the average 
cooling rate from Ts calculated from the formula 2 to 400**C. 

The composition of the steel sheet was the same as the 
composition of the slab. In addition, the cooling rate in 
the range of from the temperature of finish annealing to 
400°C was approximately equivalent to that shown in Table 4. 

As was the case of Example 1 , the average crystal grain 
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diameter d, the iron losses W15/W50 and yield stress YS (MPa) 
before and after aging, and the amount (volume ratio) and 
the average particle size of Cu precipitates after aging 
treatment were evaluated for the steel sheets thus obtained. 
The results are shown in Table 4 . 

As shown in Table 4 , in the steel sheets which were 
each controlled so that the steel composition, the finish 
annealing conditions, and the aging conditions were within 
the scope of the present invention, the amount and the 
average particle size of the Cu precipitates were -within the 
specified range, and steel sheets (after aging) having a 
superior iron loss and a high strength could be obtained. 

The steel sheets of the present invention all had a 
tensile strength not less than CTS after aging. In addition, 
in all the steel sheets of the present invention, by age- 
hardening treatment, the yield strength was increased by 150 
MPa or more, ant the iron loss was decreased by 0.7 W/kg or 
less . 

However, in conventional steel b and d (comparative 
examples; Nos . 10 and 19) which contained no Cu, although a 
superior iron loss could be obtained, a high strength by Cu 
precipitation can not be obtained. 

In addition, when the temperature of finish annealing 
is too low (comparative examples: Nos. 1 and 11), since Cu 
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in a solid solution form is not sufficiently formed in 
annealing, the amount of Cu precipitates by aging became 
insufficient, and as a result, a high strength can not be 
obtained. In addition, when the cooling rate of the finish 
annealing is too low (comparative examples: Nos. 4 and 14), 
since the size of Cu precipitates was large, the iron loss 
was degraded, and in addition, a high strength can not be 
obtained. 

Furthermore, when the aging temperature was too low 
(comparative examples: Nos. 5 and 15), since the amount of 
Cu precipitates was insufficient, a high strength could not 
be obtained, and when the aging temperature was too high 
(comparative examples: Nos. 9 and 18), since large and 
coarse Cu precipitates were considerably formed, the iron 
loss was degraded, and a high strength could not also be 
obtained. 
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Example 3 

Steel slabs were prepared containing 3% of Si ^ 0.2% of 
Mn, and 0.3% of Al as base components and containing various 
amounts of Cu and Ni . The compositions of the steel slabs 
are shown in Table 5, and the balance thereof was iron and 
inevitable impurities . 

The slabs were each processed by hot rolling to form a 
sheet having a thickness of 2.0 mm and were then coiled at 
550°C. Subsequently^ hot-rolled sheet annealing was 
performed at 1,000^C for 300 seconds or was not performed. 
Cooling after the hot-rolled sheet annealing was performed 
at an average cooling rate of 20°C/s in the range of from at 
least Ts (obtained from the formula 2) to 400°C. 

Subsequently, pickling and cold rolling for forming a 
steel sheet having a finish sheet thickness of 0.35 mm were 
performed. Furthermore, after finish annealing was 
performed in which a holding temperature of 950°C was 
maintained for 30 seconds, cooling was performed at a 
cooling rate of S^C/s in a temperature range of from 900 to 
400°C. The cooling rate in the range of from Ts to 400°C was 
approximately equivalent to that described above. 

Next, after an insulating film was applied and baked, 
heating treatment at 550°C for 5 hours was performed for 
aging. 
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The average crystal grain diameter, the iron loss 
properties, and the mechanical properties of the steel 
sheets thus obtained were evaluated. The compositions of 
the steel sheets were approximately equivalent to those of 
the respective slabs. The iron loss was measured by an 
Epstein method using samples obtained along the rolling 
direction and direction perpendicular thereto, the number of 
samples in the individual directions being equal to each 
other. The mechanical properties were measured using 
samples obtained along the rolling direction and the 
direction perpendicular thereto, and the evaluation was 
performed by the average value obtained therefrom. The 
details of the individual investigations were the same as 
those described in Example 1 . The results are shown in 
Table 5. 

In addition, as conventional electrical steel sheets 
formed to have a high tensile strength by known solid 
solution strengthening, grain-refining strengthening, 
precipitation strengthening, or the like, the following 
steel sheets were experimentally formed. 

That is, as an example in that solid solution 
strengthening was used, a steel slab was hot-rolled and then 
processed by hot-rolled sheet annealing at 900°C for 30 
seconds, and wann rolling was then performed at 400°C to 
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form a steel sheet having a thickness of 0.35 mm, followed 
by finish annealing at 950°C for 30 seconds. As shown in 
Table 6, the steel slab described above contained 0.002% of 

4.5% of Si, 0.2% of Mn, 0.01% of P, 0.6% of Al , 1.0% of W, 
1.0% of Mo, and the balance being iron and inevitable 
impurities. 

In addition, as an example in that solid solution 
strengthening and grain-refining strengthening were used, 
steel was hot-rolled and then cold-rolled to form a steel 
sheet having a thickness of 0.35 mm, followed by finish 
annealing at 800°C for 30 seconds. As shown in Table 6, the 
steel described above contained 0.005% of C, 3% of Si, 0.2% 
of Mn, 0.05% of P, 4.5% of Ni, and the balance being iron 
and inevitable impurities . 

Furthermore, as an example in that precipitation 
strengthening by carbides was used, steel was hot-rolled and 
then cold-rolled to form a steel sheet having a thickness of 
0.35 mm, followed by finish annealing at 750°C for 30 
seconds . As shown in Table 6 , the steel described above 
contained 0.03% of C, 3.2% of Si, 0.2% of Mn, 0.02% of P, 
0.65% of Al, 0.003% of N, 0.018% of Nb, 0.022% of Zr, and 
the balance being iron and inevitable impurities. 

In all the examples described above, aging treatment 
was not performed. 
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Steel sheets Nos . 7 to 14 according to the present 
invention obtained a significantly high strength while 
having superior magnetic properties approximately equivalent 
to those of steel sheet No. 1 which was a comparative 
example having the base composition. Furthermore^ even when 
being compared to steel sheets Nos. 15 to 17, which were 
conventional high-strength electrical steel sheets, the 
steel sheets described above had a significantly low iron 
loss or a high magnetic flux density, and the compatibility 
of strength and magnetic properties was superior. 

In addition, in all the steel sheets of the present 
invention, the yield stress after aging was not less than 
CYS. In addition, according to all the steel sheets of the 
present invention, the volume ratio of Cu precipitates was 
in the range of from 0.3% to 1.9%, and the average particle 
size was in the range of from 1.5 to 20 nm. Furthermore, in 
the steel sheets of the present invention, by age-hardening 
treatment, the yield strength was increased by 150 MPa or 
more, and the iron loss was decreased by 1.0 W/kg or less. 

Example 4 

Steel C of a comparative example and steel J of an 
example of the present invention shown in Table 5 were 
sequentially processed by hot rolling into a sheet having a 
thickness of 2.0 mm, hot-rolled sheet annealing at 1,000°C 
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for 300 seconds, cooling under the same conditions as those 
in Example 3, pickling, and cold rolling into a sheet having 
a finish sheet thickness of 0.35 mm. Furthermore, finish 
annealing was performed in which a holding temperature of 
950°C was maintained for 30 seconds, followed by cooling in 
a temperature range of from 900 to 400°C at an average 
cooling rate which was changed in accordance with various 
conditions shown in Table 7. In this case, the average 
cooling rate in a temperature range of from Ts (obtained 
from the formula 2) to 400°C was approximately equivalent to 
that described above. 

Subsequently, an insulating film was applied and baked, 
thereby forming an annealed steel sheet. The annealed steel 
sheet thus obtained was processed by heat treatment at 550°C 
for 5 hours for aging. The average crystal grain diameter, 
the iron loss, and the mechanical properties of the steel 
sheet thus obtained were evaluated. The details of the 
individual investigation were the same as those described in 
Example 1. In addition, the composition of the steel sheet 
was approximately equivalent to that of the corresponding 
slab. 

The results are shown in Table 7 and Figs. 2 and 3. 
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As can be seen from the table and figures, steel C 
showed superior magnetic properties and a high strength at a 
relatively high cooling rate (steel sheets Nos. 18 and 19) 
of 10°C/s or more; however, at a cooling rate of 10°C/s or 
less, the iron loss was degraded, and the strength was 
liable to decrease. On the other hand, in steel J of the 
example containing an appropriate amount of Ni in addition 
to Cu, as can be seen from the results of steel sheets Nos . 
22 to 25, superior magnetic properties and a high strength 
could be stably and simultaneously obtained under various 
cooling-rate conditions . 

In addition, the yield stress after aging of all the 
steel sheets of the present invention was not less than CYS . 
In addition, in all the steel sheets of the present 
invention, the volume ratio of Cu precipitates was 0.6% to 
1.2%, and the average particle size thereof was in the range 
of from 5 to 15 nm. Furthermore, in all the steel sheets of 
the present invention, by age-hardening treatment, the yield 
strength was increased by 190 MPa or more, and in addition, 
the iron loss was decreased by 0.4 W/kg or less. 

Example 5 

Steel having the composition shown in Table 8 and the 
balance being iron and inevitable impurities was 
sequentially processed by hot rolling into a sheet having a 
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thickness of 2.0 mm, followed by hot-rolled sheet annealing 
for 300 seconds at a temperature shown in Table 9 or by non- 
annealing. Subsequently, cooling under the same conditions 
as those in Example 3 was performed, and pickling and cold 
rolling were then performed so as to form a sheet having a 
predetermined thickness . 

Furthermore, finish annealing was perfoarmed in which a 
constant temperature shown in Table 9 was maintained for 30 
seconds, followed by cooling in a temperature range of from 
900 to 400*^C at an average cooling rate of 6°C/s. In this 
case, the average cooling rate in a temperature range of 
from Ts (obtained from the formula 2) to 400°C was 
approximately equivalent to that described above. 

Subsequently, an insulating film was applied and baked, 
thereby forming an annealed sheet. The annealed sheet thus 
obtained was processed by aging treatment at a temperature 
shown in Table 9 for 10 hours for aging. 

The average crystal grain diameter, the iron loss, and 
the mechanical properties of the steel sheet thus obtained 
were evaluated. The results are also shown in Table 9. In 
addition, the composition of the steel sheet was 
approximately equivalent to that of the corresponding slab. 
From Table 9 , it was found that all samples of individual 
steel sheet grades have superior magnetic properties and 



significantly high strength properties. 

In addition, the yield stress after aging of all the 
steel sheets of the present invention was not less than CYS 
In addition, in the steel sheets of the present invention, 
the volume ratio of Cu precipitates was 0.2% to 0.9%, and 
the average particle size thereof was in the range of from 
to 8 nm. Furthermore,' in all the steel sheets of the 
present invention, by ag^T^hardening treatment, the yield 
strength was increased by 150 MPa or more, and in addition, 
the iron loss was decreased by 0.4 W/kg or less. 



- 73 



U 
0) 



to 

M 
0) 

4-> 
O 



CO 



ro 

o 
o 



o 
o 



CN CM 
O O 
O O 



-M 
C 
0) 

o 

a 

w 
m . 
m 
S 



c 

o 



in 



m 
o 



e 

rc 
X 
CzQ 



ro ro 
m o o 
,-1 ro o o 



o • o o 
o 



M " (D (d 
to > CD 



o 
o 



CO 



ro 
O 

o 
o 



o 
o 



0) 



o 



o 



o 



IT) 
ID 



CO 



no 



in 
in 



0) 



CO 



o 



CM 



CM 

ro 



CO 

O 



o 
o 



o 
o 



in 
o 



CO 



in 

ro 



CO 

O 
I 

CO 



CO (0 
U S 



(0 



in e_i 

m C 



0) 

u 

c m 
< a 



4-» -H ■ 
W (0 



0) 

r-l 

H 



c 

-H 
—I 

o 
o 
u 



0) CO 



03 C 
CD M-l 

a 

e 4-1 

O) o 



ro o 

Eh • 




0) 
M 

D 1 

-u) -P ^ +J 
Cu 

e o 



o 

2 



c 
c 



CM 



o 



O 
lO 



ro 



CO 



in 

CO 
CO 



ro 



o 

CM 



m 

CO 



o 



in 
en 



o 
o 
o 



o 

CM 



o 

00 



in 
o 



rsj 
o 



o 
in 
o 



o 
ro 



CN 

ro 



vn 
ro 



- 74 - 



Industrial Applicability 

According to the present invention, an age-hardenable 
non-oriented electrical steel sheet can be obtained in which 
superior punchabilities and a superior iron loss can be 
simultaneously achieved and in which strengths are 
significantly increased by aging treatment. 

In addition, according to the present invention, an 
electrical steel sheet having superior magnetic properties 
and high strengths can be stably provided. 

From the steel sheets described above, rotors having 
high strengths and high reliability can be efficiently and 
economically manufactured, the rotors being used for high 
speed motors and magnet-embedded type motors. 



